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The Oligocene Acquadolce Phyllites and Metasiltstones (APM) of eastern Elba, Italy are high-
pressure (HP) rocks related to the Apennine subduction zone. The unit gained newfound 
attention after the findings of HP minerals (glaucophane and lawsonite), as it was long thought 
to be greenschist-facies rocks. Parts of the sediments making up these rocks, including detrital 
zircons, originate from the volcanic arc related to the central Alps. The sediments were 
deposited in the Apenninic foredeep, subducted shortly after and then rapidly exhumed. In this 
study, a suggestion for the complex tectonic history of these rocks is made by interpreting the 
various structures found throughout the unit, as well as providing the first low-temperature 
thermochronological data using the (U-Th)/He method on zircons (ZHe) in an attempt to 
constrain the timing of exhumation. The structures found in this study are similar to the ones 
reported in previous studies (open-isoclinal folds at the micro-meso scale, sheath folds, shear 
bands, faults, etc.) and show a correlation to other HP units found on mainland Italy such as in 
the Apuan Alps. Based on these structures, a series of deformational events are described 
relating to subduction, early exhumation, late exhumation, and post-exhumation. We suggest 
that the exhumation, always aided by slab retreat, was first driven by buoyancy through an 
extruding wedge accommodated by compressional and extensional shearing, followed by 
extension in the orogenic wedge due to gravitational instabilities. The extension was followed 
by renewed compression reflected by a previously undescribed km-scale antiform in the 
southern part of the APM. The timing of the exhumation in the region has been constrained to 
Early-Late Miocene through analyses of other units. The new ZHe ages for the APM yielded 
5.9-6.2 Ma and represent cooling through zircon’s closure temperature of ca. 180 ºC. This is 
coeval to the Late-Miocene magmatism that affected Elba, suggesting that the geochronological 
systems were reset and that the ages represent cooling from the contact metamorphism rather 
than cooling by exhumation. Magmatism and post-orogenic collapse were results of a rising 
asthenosphere caused by the eastward migration of the compressional front due to slab retreat 
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1   Introduction 
 
Elba Island is the largest island of the Tuscan Archipelago, situated between mainland Italy and 
Corsica, bordering the Ligurian and Tyrrhenian Seas (Fig. 1.1). It represents the westernmost 
outcrop of the Northern Apennines, a mountain chain trending parallel to the Italian Peninsula. 
Elba has an area of 224 km2, stretching 29 km in the east-west direction, and 18 km in the north-
south direction, with a population just over 32,000.  It is famous for its vast variety and 
abundance of minerals and ores, particularly iron ores. The island was mined extensively and 
is now conserved by the Island of Elba Mineral Park and Calamita Mineral Park, who protect 
it from further mining.  The minerals in this region were of such good quality that the island 
gained the name “the Island of Iron and Fire”. Its mining history is now open for the public to 
see through museums and guided tours.  The geology of Elba is not only interesting due to its 
mineral deposits, it also has a number of structures and geological units, such as detachment 
faults and stacked ophiolite complexes. These structures give insight to the past tectonic and 
environmental conditions in the Mediterranean region and accompanying subduction systems.  
 
1.1 Study Area 
One of the formations on Elba is the Acquadolce Phyllites and Metasiltstones (APM), which 
will be the focus of this study. This rock unit is mainly exposed in eastern Elba between the 
Capo d’Arco area in the south and Rio Marina in the north, where it spans between ⁓200-900 
m from east to west.  A small section can also be found in central Elba on the southern coast 
along Felciaio Beach. The main areas where mapping and sampling were carried out were Capo 
d’Arco, Ortano, Rio Marina, and Felciaio Beach. The quality of exposure varies with location, 
where some outcrops are highly weathered and vegetated, and others are fresh coastal outcrops. 









































Figure 1.1 – A. An overview map of Italy and its bordering seas, the Tyrrhenian- and Adriatic Sea, showing the main tectonic 
features and Elba’s location (red square). Modified after Rosenbaum and Lister (2004) in Sirevaag (2013). 
B. Geological map of Elba Island showing some of the main tectonic features and the two study areas (blue squares). Modified 







1.2 Previous Research 
The first major study on Elba Island was conducted by Trevisan (1950), who mapped and 
described the entire island and lay the foundation for all future studies. One of the main 
attributes of that study was the division of geological units into complexes. He recognized five 
separate tectonic complexes (Complex I-V) including metamorphic and sedimentary 
successions as well as ophiolites, all contained within a nappe stack named the Eastern Elba 
Nappe Stack (EENS). This sparked newfound interest and was the beginning of several 
geological studies on Elba. After decades of research ranging from structural to petrological to 
geochronological, Bortolotti et al. (2001) revisited Trevisan’s nappe stack model and further 
subdivided the five complexes into nine units, which will be described in Chapter 2.3. The focus 
of this study is the APM, whose origin and affinity, as well as structural evolution, have been 
debated over the years (Keller and Pialli, 1990; Duranti et al., 1992; Deino et al., 1992; Corti et 
al., 1996; Bortolotti et al., 2001; Pandeli et al., 2001; Elter and Pandeli, 2001, Benvenuti et al., 
2001). The APM was long attributed to the Ligurian Domain, and thought to be Cretaceous in 
age due to the presence of microfossils (Duranti et al., 1992), but recent studies including 
Sirevaag (2013) and Bianco et al. (2015) unraveled that they are most likely Oligocene in age 
and from the Sub-Ligurian or Tuscan Domain. Many have attempted to explain the structurally 
complex history of the APM. The most obvious tectonic feature is the nappe stack, whose 
formation was dated by Deino et al. (1992), using the Ar40/Ar39 method on muscovite, to 19.68 
±0.15 Ma. Keller and Pialli (1990) described the deformation of Complex II (containing the 
APM) to be of low grade greenschist facies, but later studies have suggested that the APM are 
HP-LT rocks, similar to the Schistes Lustrés (Corti et al., 1996, Bortolotti et al., 2001). Bianco 
et al. (2015, 2019) confirmed this after finding and dating the HP mineral glaucophane to 
around 19.8 ± 1.4 Ma. A recent study by Jacobs et al. (2018) concluded that due to the 
Oligocene detrital zircons in the APM, the unit subducted shortly after 32 Ma, and exhumed by 
20 Ma during the stacking, with a deformation period of 12 Myr. Papeschi et al. (2020) on the 
other hand argued that exhumation of the APM started around 20 Ma and was exhumed by 6-
7 Ma. The most recent deformation including open folding is thought to be caused by the uplift 
of two magmatic bodies that have been dated to ⁓6-7 Ma (Elter and Pandeli, 2001; Maineri et 
al., 2003; Musumeci et al., 2015). The relevant geochronological research from Elba Island and 










































































































































































































































































1.3 Research Objectives 
With the recent advancements made by Jacobs et al. (2018) regarding the APM’s subduction-
exhumation cycle, a field-based structural analysis was conducted in an attempt to document 
the complex structural history of these rocks, also taking into consideration the more recent 
events such as the Late Miocene magmatism and corresponding fault activity. Despite the 
several geochronological studies that have been carried out on Elba, thermochronological data 
for the APM is sparse and non-existent for low-temperature thermochronology specifically.  Six 
samples were collected in order to provide the first thermochronological data for the APM, 
using (U-Th)/He dating on zircons to determine possible thermal histories and tie that in with 


































2   Geological Background 
 
2.1 Evolution of the Mediterranean and the Apennines 
 
The Mediterranean is a tectonically complex area with several plates and microplates 
interacting with each other. Collision, back-arc formation, and opening and closing of several 
oceans are some of the processes responsible for the geology seen today (Lonergan and White, 
1997; Doglioni et al., 1997; Jolivet et al., 1998; Gueguen et al., 1998; Stampfli, 2000; Jolivet 
et al., 2003; von Raumer et al., 2003; Carminati and Doglioni, 2005). Stampfli and Borel (2004) 
made a series of paleogeographic figures showing the origins of Adria, which the following 
reconstruction is based on. Adria, the microplate making up parts of Italy and the Adriatic Sea 
(Fig. 2.1), was part of a long strip of northern Africa called the Cimmerian Superterrane. This 
superterrane was a continental ribbon that drifted northwards as the Neotethys back-arc basin 
(Sengör, 1984) started opening in the Late Carboniferous – Early Permian (Fig. 2.2A) (Stampfli 
et al., 2001). By Middle-Late Triassic times the Cimmerian Superterrane collided with the 
Eurasian margin, closing the Paleotethys (Fig. 2.2B). In the Jurassic (180 Ma), the opening of 
the Central Atlantic started to break up Pangea, causing the African pole to change and resulting 
in northwestward migration and anticlockwise rotation of Africa (Bortolotti et al., 2001). This 
caused a narrow passage to open between the Atlantic Ocean and the Neotethys, opening yet 
another Tethys ocean called the Western Tethys, sometimes termed the Alpine Tethys (Fig. 
2.2C). In the Cretaceous, Africa eventually closed the Western Tethys as it collided with Europe 
and Iberia (Fig. 2.2D). This 
collision involved oblique 
subduction of Europe 
underneath Adria, creating a 
transpressive environment 
(Marroni and Treves, 1998). It 
started out as a N-S trending 
convergence and evolved to a 
NE-SW convergence (Bortolotti 
et al., 2001). In the Eocene, the 
Corsican continental margin and 
Adria experienced a subduction 
Figure 2.1 - Tectonic map of the Mediterranean, showing Adria surrounded by 
orogenic belts. Adria is bound by subduction zones, creating the Apennines to the 
west and Dinarides to the east. 1) Eurasian domain 2) Africa- Adriatic domain 3) 
Morocco plate 4) Iberian plate 5) Orogenic belts 6) Main extensional basins. 






flip, as the Adriatic plate developed westward subduction along the back-thrust of the earlier 
E-dipping subduction zone. This resulted in the detachment of the Corsican slab and the end of 
eastward subduction (Doglioni et al., 1999; Molli and Malavieille, 2011).  
 
 
Sometime in the Neogene, Adria separated from Africa suggested by their different geodetic 
motion and velocity trends (Battaglia et al., 2004; D'Agostino et al., 2008). In the Late-
Oligocene-Early Miocene, slab rollback initiated and affected the region by ripping off the 
Figure 2.2 -  Paleogeography showing Adria's (red circle) migration from Middle Permian to Late Cretaceous. A) Cimmerian 
Superterrane breaks away from Gondwana as a continental ribbon. B) Cimmerian Superterrane collides with Europe, closing 
the Paleothethys. C) Central Atlantic opens, causing the formation of the Western Tethys. D) Southern Atlantic opens, Africa 








Corsica-Sardinia block from France 
(Robertson and Grasso, 1995; Gueguen et al., 
1998), and by 17 Ma opening the back-arc 
basins that formed the Liguro-Provencal Sea 
and later on the Tyrrhenian Sea (Séranne, 
1999; Malinverno and Ryan, 1986). As the 
slab sank and the subduction zone retreated, 
asthenosphere filled the empty space thinning 
out the crust and forming these basins, making 
the region appear like mega-boudinage (Fig. 
2.3) (Gueguen et al., 1998). The Liguro-
Provencal Sea and the Southern Tyrrhenian 
were thinned to the point where oceanic crust started to form (Hutchison et al., 1985). The entire 
subduction zone retreated eastward, with most movement happening in Calabria, which resulted 
in the area rotating anticlockwise 60º to the east (Fig. 2.4). Around 33 Ma, the tectonic regime 
shifted from solely compressional to compressional and extensional, as the accretionary prism 
started to collapse. The change was due to the increasing rate of slab rollback, caused by 
lengthening of the slab (Brunet et al., 2000; Faccenna et al., 1996). This is the current situation 
of the Apennines.  
The Apennine’s tectonic history most likely initiated in the Late Cretaceous with the 
development of the west-dipping subduction zone in the Western Tethys, close to Corsica-
Sardinia’s continental margin (Bortolotti et al., 2001). The subduction zone has been dated to 
the Late Cretaceous by Maluski (1977) using Ar40/Ar39 on glaucophane. This is the only piece 
of evidence for subduction taking place at this time, as other HP-LT rocks of this region were 
dated to Middle-Late Eocene. The lack of arc-type magmatic rocks from this period is also 
puzzling, but can be explained by the oblique collision, slow convergence and hence a very 
short slab (100 km) (Bortolotti et al., 2001). The Apennines comprise of rocks belonging to 
both the Ligurian (oceanic) and Tuscan (continental) domains. The Ligurian units were stacked 
before continental collision during subduction and the formation of an accretionary wedge. 
Coevally, the deeper parts of the prism started to uplift undergoing ductile deformation 
(Bortolotti et al., 2001). As continental collision initiated between Adria and Corsica-Sardinia, 
the Ligurian and Tuscan units were superimposed forming the EENS which has been dated to 
ca. 19 Ma using Ar40/Ar39 on muscovite from the Acquadolce Unit’s main schistosity (Deino et 
Figure 2.3 – Simplified cross-sectional view of the western 
Mediterranean today, showing how upwelling asthenosphere 
(dashed line), caused by slab rollback, thins out the continents 
creating mega-boudinag. Vertical exaggeration x5. Modified 





al., 1992). The onset of extension started in the Middle-Late Miocene and the exhumation 
mechanisms are still being debated but include gravitational collapse in the overthickened 
accretionary wedge and slab rollback making available space for rising asthenosphere. This 
extension resulted in normal faulting, including detachment faults, most likely responsible for 
opening the Corsica Channel (Bortolotti et al., 2001). It is also worth mentioning that extension 
is sometimes triggered by slab detachment. However, only in the Central-Southern Apennines 
and the Calabrian region has it been concluded that slab detachment has been completed. There 














2.2 Subduction Systems     
 
In order to understand the complex tectonic history of Elba and the Northern Apennines, it is 
useful to have a somewhat understanding of the environment it formed in, which was in a 
subduction zone. Generally, two subduction styles are recognized, the Chilean- and the 
Mariana-type, which are commonly referred to as advancing and retreating (Cawood et al., 
2009) (Fig. 2.5). In an advancing system, the stress in the back-arc is governed by compression 
rather than extension as seen in the retreating system (Uyeda and Kanamori, 1979). Royden 
Figure 2.4 – Present-day geography of the western Mediterranean showing the Apennine subduction zone and normal 
faulting by France and Spain. The red line represents the position of the subduction zone at 23 Ma, which then rotated 
anticlockwise, 60º to the east, with most of the movement being in the Calabria region. The convergence started out trending 
NW-SE and has ended up trending NE-SE as observed in the Apennines which stretches along the Italian Peninsula. 





and Burchfiel (1989) described these styles in detail, defining advancing systems as when the 
rate of convergence exceeds the rate of subduction and retreating systems as when the rate of 
subduction exceeds the rate of convergence. They also listed the different characteristics of the 
orogenic belts forming over them. Advancing orogens are often the topographically highest, 
experiencing large amounts of erosion resulting in molasse deposits ending up in the front of 
the mountain chain. Examples of advancing orogens include the Alps, the Himalayas and the 
Andes. Retreating orogens are characterized by lower topography, extension in the back-arc 
region, and flysch deposits. Examples of retreating orogens include the Apennines and the 
western Pacific. The reason why they have been termed advancing and retreating is because 
they are not stationary, rather they migrate – advancing subduction zones migrate towards the 
trench, while retreating subduction zones move away from it. They often start off as retreating 
due to cold, dense oceanic crust being pulled down by gravity, and end up advancing as buoyant 
continental crust is subducted, preventing rapid sinking of the slab. 
As the slab sinks in a retreating system, slab rollback may start to affect the overriding 
plate’s back-arc region (Malinverno and Ryan, 1986). This was the case for the Tyrrhenian Sea, 
which opened as a result of back-arc extension due to slab rollback (Lonergan and white, 1997). 
For back-arc extension to occur, the subduction angle needs to be >50º (Lallemand et al., 2005) 
- in many cases the slab is near vertical (ex. Mariana). This rollback comes to a halt if the slab 
detaches (Wortel and Spakman, 2000).  Decoupling of the plates is another process common 
for retreating subduction zones and results in distributed stresses, being compressive in the front 
and extensional in the back, which is the case for the Northern Apennines (Faccenda et al., 
2009). Plates that are strongly coupled experience a stronger push against each other, forming 
large accretionary wedges as sediments are scraped off the ocean floor. Plates with weak 
coupling have a tendency to drag sediments down in the subduction channel instead of accreting 
Figure 2.5 - The two endmembers of subduction zones - advancing and retreating. In the retreating subduction, the sinking slab 
will eventually start to roll back due to increasing density in the oceanic crust, opening a back-arc. VO: velocity of overriding 





them on to the other plate, as there is more space between the two plates when the subducting 
slab is retreating.  
In either case, accretionary wedges are formed that deform under the critical taper 
theory by either thickening or thinning to maintain stability (Fossen, 2016). Davis et al. (1983) 
defines the critical taper as “the shape for which the wedge is on the verge of failure under 
horizontal compression everywhere, including the basal décollement” In practice this means 
that the wedge will build up and deform internally until a certain angle (critical taper) is reached 
and deformation ceases in the wedge and moves to the basal décollement resulting in sliding. 
Erosion can affect the wedge by destabilizing it, initiating more build-up until it once again 
reaches the critical taper. An accretionary wedge is dominated by fold-and-thrust belts resulting 
in nappe stacking and the formation of several structures often showing opposing vergence 
(Fig. 2.6) (Costa and Vendeville, 2002). The main processes affecting the wedge geometry is 
the transfer of sediments from the downgoing slab to the overriding plate which can happen 
through frontal accretion or underplating in the deeper parts of the subduction channel (Marroni 
et al., 2004). HP rocks can form in the subduction channel and later be exhumed through the 
wedge by a variety of processes such as extensional collapse (Dewey, 1993) and buoyancy 
differences, aided by erosion and tectonics (Chemenda et al., 1995). Whether rocks will exhume 
rapidly or not depends on the type of subduction, and the only type that allows the rapid 
exhumation of HP rocks is the continental-type due to its wide accretionary wedge (Guillot et 
al., 2009).  
P-T-conditions of subducted rocks can be recorded by index minerals belonging to 
different metamorphic facies. The blueschist facies is characterized by high pressure (P ~ 0.3-
10 GPa) and low temperature (T < 500°C) (Ernst, 1972) and is documented by preserved HP-
LT minerals that have not undergone retrogressive metamorphism. The minerals vary 
depending on the protolith’s composition, but generally glaucophane, lawsonite, phengite, and 














   
 
  
2.3 The Geology of Elba 
Elba Island is part of the 1200 km long, NW-SE trending Apennine mountain chain and 
represents the westernmost outcrop of the Northern Apennines. As previously mentioned, the 
Apennine subduction started retreating in the Late Oligocene-Early Miocene, and the Apennine 
front has since moved in an anticlockwise direction to its present-day location due to slab 
rollback (Robertson and Grasso, 1995; Gueguen et al., 1998). This puts the Apennines, and 
therefore also Elba Island, in both an extensional and compressional tectonic regime. These two 
regimes have left their imprints in different parts of the island. The east is dominated by thrust 
tectonics and can be seen as a series of stacked nappes (EENS), while the west is dominated by 
Mt. Capanne – a granitoid pluton.  Another pluton called La Serra-Porto Azzurro (Porto 
Azzurro for short) later intruded in the east affecting the EENS with its thermal aureole. 
Together, the two plutons, in conjunction with an extensional upper wedge and later orogenic 
collapse, put Elba in an extensional setting while being in an overall convergent environment 
(Bortolotti et. al., 2001). This extensional phase created numerous normal faults, some of them 
being low-angle detachment faults like the Zuccale Fault. Musemeci et al. (2015) questioned 
the nature of the Zuccale Fault suggesting that it is actually the flat section in an out-of-sequence 
thrust with ramp-flat-ramp geometry. These later faults have caused secondary stacking and 
translated the nappes about six kilometers east (Musumeci, et al., 2015) (Fig. 2.7).  
Figure 2.6 - Sandbox experiment for a previous course representing plate convergence. The model shows the internal 
structures of an accretionary wedge. Folds and thrusts verge in opposite directions meaning that relying simply on vergence 





 The different lithologies present at Elba Island are found in two units – the continentally 
derived, mostly autochthonous Tuscan Basement unit, which is overlain by the allochthonous, 
oceanic sediments in the Ligurian unit. The Tuscan unit includes lithologies from the Adriatic 
continental margin, while the Ligurian unit’s sediments were deposited in the Western Tethys 
Ocean (Bortolotti et. al., 2001).  
 
Stratigraphy 
Elba Island’s stratigraphy consists of metamorphic and sedimentary rocks as well as ophiolites 
and mélanges. The first model that described the stratigraphy and lithologies was the Trevisan 
model (1950), which grouped them into five complexes. The new model laid forth by Bortolotti 
et al. (2001), further subdivided the complexes into nine units (Fig. 2.8) whose characteristics 
are summarized in Table 2.   
Figure 2.7 – Schematic cross-sections of Elba Island, showing how the uplift of the Mt. Capanne pluton resulted in detachment 
faults like the Zuccale Fault (ZF), which dissected and translated the nappe stack 6 km to the east. a) Mt. Capanne intrudes, 
creating a laccolith complex in western Elba. b) The Central Elba Fault (CEF) translates the laccoliths towards the east. c) 
The intrusion of the Porto Azzurro Pluton activates the Zuccale Fault which translated the nappe stack 6 km to the east. d) 




































Figure 2.8 - Geological map of Elba showing the distribution of the different complexes, and cross-sectional view of the EENS 
showing the geometry, layering, and tectonic boundaries. Different units are PU: Porto Azzurro; UO: Ortano; AU: Acquadolce; 
MU: Monticiano-Roccastrada; TN: Tuscan Nappe; GU: Gràssera; OU: Ophiolites; EU: Paleogene Flysch; CU: Cretaceous Flysch; 















Benvenuti et al. (2001) explained that Elba’s tectonic history can be categorized into three 
stages; the accretionary, the pre-intrusion extensional, and the syn-and post intrusion. The 
accretionary stage started in the Eocene and is responsible for stacking parts of the nappes. It 
refers to the collision between the Western Tethys and Europe, and later Adria and Corsica as 
oceanic sediments and continental crust were accreted and thrusted on top of each other forming 
a double-vergence orogenic wedge (Bartole et al., 1990). The early-middle Miocene was the 
start of the pre-intrusion extensional stage, caused by the asthenosphere rising as a result of slab 
rollback, and an overthickened wedge compensating by normal faulting. This was also the start 
of the opening of the Corsica Channel (Bartole et al., 1990). The Miocene-Pliocene syn- and 
post intrusion stage is responsible for more extension and orogenic collapse as the two granitic 
magmatic bodies, the Mt. Capanne Pluton and the later Porto Azzurro Pluton intruded (Fig. 
2.9). They are part of the Tuscan Magmatic Province, formed by the heat from the upwelling 
asthenosphere. The two plutons are some of the youngest granites in Europe, emplaced at 6.8-
5.4 Ma (Maineri et al., 2003; Musumeci et al., 2015; Bortolotti et. al., 2001). They are 
responsible for mechanically exhuming the rocks on Elba and triggering several faults. By this 
time, Elba was most likely exhumed above sea level suggested by the absence of marine 
sediments (Bortolotti et al., 2001). As a result of these plutons, Elba underwent contact 
metamorphism at temperatures ranging from 300-650 ºC (hornfels facies) (Duranti et al., 1992).  
Figure 2.9 - Syn- and post intrusion stage on Elba Island, showing the two magmatic bodies Mt. Capanne and Porto Azzurro 
and related extensional structures. The bold line shows the present-day W-E topography from Mt. Capanne to Mt. Arco. 





Geothermal Activity and Mineralization 
With a relatively thin crust and high heat flow due to the upwelling asthenosphere (Peccerillo 
and Donati, 2003), Italy sits on top of a geothermal region called the Tuscan Magmatic 
Province. The geothermal gradient is on average 25-30 ºC/km, but in places like Larderello, 
Tuscany it ranges between 75-100 ºC/km (Dini et. al., 2005).  This has provided Italy with 
renewable, geothermal energy since 1911, which is when they were first able to light up four 
light bulbs. Elba Island is famous for its many minerals, including skarn minerals and especially 
iron ores. Dünkel (2003) looked at iron ore formation and how they relate to tectonics and found 
that the iron ores are restricted to a narrow N-S trending belt along the eastern coast.  The most 
typical iron ores include pyrite, hematite in the north, and magnetite, which is more abundant 
further south. Copper is the dominant ore mineral in central Elba. The ores were deposited by 
hydrothermal and metasomatic processes during the granite intrusions in the Late Miocene, and 
are mostly related to three sets of faults; a set of N-S striking thrust faults dipping W, and two 
sets of normal, high-angle faults, one striking N-S and the other NE-SW. 
 
2.4 Acquadolce Phyllites and Metasiltstones  
The Phyllites and Metasiltstones is an approximately 300 m thick unit and makes up the largest 
chunk of the Acquadolce Unit in Complex II (Bortolotti et al., 2001) and is the main focus of 
this study. This succession consists of massive marbles, grading up to calc-schists, phyllites 
and metasiltstones containing lenses of calc-schist and metabasite, and is topped by 
serpentinites (Bortolotti et al., 2001). Duranti et al. (1992) dated the rocks to the Lower 
Cretaceous from the presence of relict microfossils. This was long accepted to be the age, until 
Sirevaag (2013) brought it up for discussion after dating detrital zircons restricting the 
maximum deposition age to 32 ± 1 Ma.  
Pandeli et al. (2001)’s analysis of the composition of K-white mica suggested that the 
APM are similar to the Schistes Lustrés which are the HP-LT rocks of Corsica and the western 
Alps that reached pressures of at least 0.8 GPa. This P-T estimate was confirmed by Bianco et 
al. (2015, 2019) who concluded that the APM are HP-LT rocks with a retrogressive overprint, 
having reached depths of 40-60 km and metamorphic conditions of >1.6 GPa (blueschist 
facies). This was concluded after analyzing metabasites embedded in the calc-schist lenses in 
the APM. The metabasites contain epidote and chlorite as well as relict glaucophane and 
lawsonite, the latter two being index minerals for HP-LT metamorphism. The recent study by 





42-50 km depth. This suggests that Elba and the Apennines reached HP conditions in the 
lawsonite-blueschist facies, retrogressed into the greenschist facies, and disproved previous 
theories of Elba being in a low-pressure environment (<0.4 GPa and 350 º C) (Keller and Pialli, 
1990; Keller and Coward, 1996; Musumeci and Vaselli, 2012). These findings made Elba fit in 
with the rest of the HP tectonic history of the Northern Apennines.  
Bortolotti et al. (2001) states that the Acquadolce Unit subducted during the Ligurian 
events (Eocene-Oligocene). It involved subduction of the Ligurian sedimentary units which 
produced the HP-LT deformation in the APM, commonly found as tight-isoclinal, meso-scaled 
folds that are usually overturned or recumbent. With the new advancements from Sirevaag 
(2013), Jacobs et al. (2018) and Bianco et al. (2015), the maximum age of deposition of the 
APM is constrained to the Oligocene, and the subducted material was Sub-Ligurian/Tuscan 
sediments, rather than Ligurian. Therefore, these rocks were long attributed to the Ligurian 
domain (Bortolotti et al., 2001 and references therein), but Bianco et al. (2015) showed that 
they belong to the Sub-Ligurian/Tuscan Domain (Fig. 2.10).  The Ligurian Domain is the 
sedimentary cover of Jurassic oceanic crust whose related MORB has a different chemical 
signature than the metabasites analyzed in the APM. The sediments making up the APM are 
now associated with the foredeep deposits of the Macigno Formation and Pseudomacigno Unit 
of the Apuan Alps (Jacobs et al., 2018). The Ligurian events were followed by the Main 
Apenninic event, which took place in late Oligocene/early Miocene as the Adriatic Plate 
collided with Corsica. This event deformed the Tuscan Adriatic margin while accreting the 
APM to the overriding plate by the process of underplating (Bortolotti et al., 2001; Platt, 1986). 
The 19 Ma age on the main schistosity of the APM is reflective of this event suggesting that 
nappe stacking took place at this time (Deino et al., 1992). This date has recently been re-
interpreted as the age of peak metamorphism (Massa et al., 2017; Papeschi et al., 2020).  The 
stacking eventually caused overthickening in the accretionary wedge, and together with slab 
rollback (which allowed hot asthenosphere to cause uplift and make the orogen more ductile) 
resulted in exhumation of the APM and eventually orogenic collapse as the compressional front 
migrated eastward (Bortolotti et al., 2001). Detachment faults along with the recent Miocene-
Pliocene magmatic intrusions weakly folded the entire stack, creating gentle-open folds/kinks 
in the APM (Elter and Pandeli, 2001). The APM underwent contact metamorphism by the Porto 





700 m (Musemeci et al., 2015). This thermal event formed minerals like andalusite, skarn-
related minerals, and cordierite in APM.  
 
The tectonic history of the APM took place over 12 Myr as concluded by Jacobs et al. 
(2018) who argued that the Oligocene zircons originated in a volcanic arc from the Alps created 
by the convergence of Africa and Europe. The zircons then eroded and travelled 400 km 
southward to finally be deposited and subducted in the Western Tethys. In their cycle, they 
considered 32 Ma as the protolith generation and 20 Ma as the age of exhumation. Papeschi et 
al. (2020) on the other hand, suggested a maximum 15 Myr time frame from peak 












Figure 2.10 - Cross-sectional overview of the Western Tethys and its different domains. The APM were deposited in the Sub-
Ligurian/Tuscan domain. The question mark highlights the uncertainty of whether oceanic crust was formed or not. Apulia 
refers to Adria. Modified after Carmignani et al. (2004). 




3   Principles of (U-Th)/He Zircon Dating 
 
3.1 (U-Th)/He System in Zircons   
Zircon as a geochronometer has always been popular due to zircon’s physical and chemical 
properties such as resistance to weathering, high U and Th concentrations, and its presence in 
magmatic, metamorphic, and sedimentary rocks (detrital) (Corfu et al., 2003). Igneous zircons 
are often euhedral and precipitate from Zr-saturated melts (Watson, 1979), while metamorphic 
zircons are more rounded and usually preserved from the protolith in low-grade metamorphic 
rocks or grow during high-grade metamorphism due to the breakdown of garnet and/or 
hornblende (Fraser et al., 1997).  Zircon (ZrSiO4) is an orthosilicate mineral belonging to the 
tetragonal crystal system and has a crystal structure that is relatively spaced and contains voids. 
These voids are potential interstitial sites that allow zircon to include a variety of trace elements 
and REE (Hoskin and Schaltegger, 2003), which is reflected in its empirical formula 
Zr0.9Hf0.05REE0.05SiO4. This structure is responsible for giving zircon a hardness of 7.5 and a 
density of ρ = 4.66 g/cm3 (Harley and Kelly 2007), which is relatively high compared to other 
common minerals like quartz (ρ = 2.65 g/cm3), apatite (ρ = 3.1-3.2 g/cm3), and garnet (ρ = 3.5-
4.3 g/cm3).  
Zr4+ in zircon can be substituted with 
tetravalent cations of U, Th, and to a lesser 
extent Sm due to similar ionic radii. This 
substitution, assuring high concentrations of U 
(avg. 1330 ppm) and Th (avg. 630 ppm) 
(Ahrens, 1965), paired with the assumption of 
lack of initial He in zircon make up the 
foundation of (U-Th)/He dating. The decay 
series of radioactive 238U, 235U, and 232Th to 
206Pb, 207Pb, and 208Pb result in 6-8 alpha 
particles/He nuclei being ejected (Fig. 3.1) 
(Peyton and Carrapa, 2013). At high 
temperatures, He diffuses out of U- and Th-
bearing crystals, but at certain temperatures, 
called the closure temperature, He is trapped 
Figure 3.1 - The decay series of 238U to 206Pb, showing the 
release of alpha and beta particles.  




within the crystal. For zircon, this temperature is 170-190 ºC (Reiners et al., 2004), but can vary 
depending on cooling rate and radiation damage where higher values result in higher closing 
temperatures (Schuster et al., 2006). The area between the temperatures of full He-loss and full 
He-retention is the partial retention zone (PRZ) where only part of the He is retained, and this 
temperature range is 130-200 ºC (Wolfe and Stockli, 2010). Since zircons do not initially 
contain any He, measuring the amount of trapped He relative to the amount of U, Th, and Sm 
in zircons can determine when the rock cooled below 130-200 ºC. The accumulation of He is 
used together with U, Th and Sm concentrations to calculate an age using the decay equation 
below, with decay constants of λ238 = 1.55125 x 10-10/year, λ235 = 9.8485 x10-10/year, λ232 = 
4.948 x 10-11/year, and λ147 = 6.539 x 10-12/year, and t = time in years since the system closed 
(Zeitler, 2014).  
 
3.2 (U-Th)/He Analysis   
The (U-Th)/He technique of dating was not widely used until Zeitler et al. (1987)’s paper on 
apatite-He dating (AHe) sparked newfound interest. Farley et al. (1996) and Wolf et al. (1996) 
further developed the methodology and how to interpret results, using apatite. Apatite is often 
used as it has the lowest closure temperature (~ 70 ºC). He-dating on zircon was first conducted 
by Reiners et al. (2002) and proved to be successful as a thermochronometer. As this method 
records cooling temperatures, it is very useful for calculations of cooling and exhumation, and 
therefore to determine thermal histories. (Farley et al., 1996). There is no other method that 
covers this upper crustal temperature regime. The analysis involves degassing the zircon grain 
for He by heating it with a laser. The He content is then measured before the grain is dissolved 
in acid. The solution is then measured for U-Th-Sm content using Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) which atomizes the solution and allows for U, Th, and Sm to be 
detected. Sm is not as abundant in zircon as it is in apatite, contributing with very small amounts 
of He and is therefore sometimes not included.       
 One of the major challenges using this technique, was highlighted by Farley et al. (1996) 
who found that as He is ejected it migrates between 10-30 µm, which is referred to as the 
stopping distance. A more recent study by Ketchman et al. (2011) found that the stopping 
distance of He for 238U, 235U, and 232Th in zircon are 15.55 μm, 18.05 μm and 18.43 μm 
Sm 




respectively. Depending on grain size and shape, He particles can be ejected out of the crystal 
or gained through implantation from adjacent grains called “bad neighbors” (Fig. 3.2). This 
results in a depletion or accumulation of He, which in turn yields ages too young or too old. 
Removing 20 μm of the crystal rim before analyzing can prevent this over- or underestimation 
as this is the area that can potentially experience He- gain or loss.    
 Other possible sources of error are inclusions rich in U and Th, and zonation. Hourigan 
et al. (2005) found that zonation with U- and Th-enriched cores yielded ages too old, while 
enriched rims yielded ages too young. With high contents of U and Th, radiation 
damage/metamictization can take place, which affects the diffusion of He by trapping it and 
increases the closure temperature, thereby affecting the ages (Schuster et al., 2006). 
  
  
Figure 3.2 -  Migration of He in a zircon crystal. He can implant the crystal by having U- and Th-rich "bad neighbors", or it can 
be ejected out if it is too close to the rim. He has a stopping distance of about 15-18 µm (radius of circle). Cutting away 20 µm 
of the rim ensures that there is no additional He or lack thereof. The lower graph shows how much He is retained within the 





4   Methods 
 
4.1 Mapping and Sampling   
 
The field areas are shown in Fig. 4.1 and include both eastern and central Elba. During the two-
week GEOV252 field course run by the University of Bergen, standard outcrop mapping was 
completed for parts of eastern Elba. As my fellow students returned to Norway, I stayed behind 
for one more week to finish the remaining field work. All exposed sections of the APM were 
walked and studied in detail. Structural measurements were taken for both planar and linear 
fabrics and later plotted in Stereonet 10 (R. W. Allmendinger).  
While mapping, we tried to cover all the outcrops as representative as possible which 
lead to five thin section samples being collected from both eastern and central Elba (Fig. 4.1).  
This was done to enable a more detailed petrographic description of the various textures and 
minerals. The thin sections were later prepared at the University of Bergen.   
Six samples were collected for ZHe thermochronology from localities spread 
throughout the unit (Table 3 and Fig. 4.1) Sampling was based on lithology, where sandier and 
siltier rocks were preferred as previously collected samples, rich in sand and silt, have shown 
to contain an abundance of zircon 
grains (Jacobs et al., 2018). Five of 
the samples come from eastern Elba 
and one sample is from Felciaio 
Beach. The samples were crushed 
into cobbles at the outcrop and 
placed in sample bags that were 
properly sealed with tape to prevent 
contamination. The samples were 
then stored at the University of 





Figure 4.1 - The enlarged map shows sampling locations for 
thermochronology (labeled TOL followed by numbers) and thin section 
(TOL followed by letters). TOL-A/B/C are three thin sections from the same 
sample. Legend is the same as Fig. 1.1B. CNT – Capo Norsi Thrust, FSZ – 
Felciaio Shear Zone, CSZ – Calanchiole Shear zone, ZF – Zuccale Fault, 
TNF – Terra Nera Fault. Modified after Mazzarini et al. (2011), Musumeci 











4.2 (U-Th)/He Thermochronology 
4.2.1 Sample Preparation 
 
Crushing and Mineral Separation  
Crushing and mineral separation were carried out at the University of Bergen. The six samples 
were one by one crushed to pebbles, using a sledgehammer on the plastic bags they were 
contained in. During crushing only one sample was in the lab at a time. The plastic bags were 
regularly changed as they ripped. Manual crushing was done rather than using the jaw crusher, 
to further minimize the risk of cross-contamination.  The crushed pebbles (1-3 cm) were further 
crushed in the Fritsch Pulverisette 13 disc mill (Fig. 4.2A) until they were roughly 315 μm. A 
315 μm vibrating sieve removed the larger grains, which were put through the disc mill one to 
two more times and then sieved again. Further sorting was done to the <315 μm grains on the 
Holman-Wilfey shaking table (Fig. 4.2B), separating light minerals and other fine particles like 
clay from the heavier minerals like zircon. The first three fractions (out of five) were dried and 
packed, but only the heaviest fraction was put through magnetic separation.  
A hand-held magnet was first used on the first fraction of all the six samples to remove 
the most magnetic minerals. Once they were out, the Franz Magnetic Separator (Fig. 4.2C) was 
used with currents of 0.5 mA, 0.1 mA, and 1.2 mA while having a forward and sideways tilt 
of 15°. This removes weakly ferromagnetic minerals like hematite, which is abundant on Elba. 
The non-magnetic grains from the 1.2 mA fraction were dropped in the heavy-liquid LST (Low 
toxicity Sodium heteropolytungstates dissolved in water; ρ = 2.8 g/cm3) to remove quartz and 
feldspars (Fig. 4.2D). The sink of this fraction was rinsed with deionized water to prevent the 
LST from binding the grains together due to its rapid crystallization. When fully rinsed, they 
were packed to dry overnight. Once dry, the final step was to put them through the second 
heavy-liquid, DIM (Di- Iodomethanedensity; ρ = 3.1 g/cm3) to remove apatite from zircon (Fig. 
4.2E). The final batch of grains extracted from the DIM were rinsed thoroughly with acetone, 





then packed and put away to dry overnight. Before sending them to the University of Göttingen, 
Germany for (U-Th)/He analysis, they were checked for zircons in a light microscope. Only 
TOL-5 and TOL-6 yielded enough zircons to be sent to Göttingen for zircon picking and (U-
Th)/He analysis. This can be due to errors during mineral separation, or simply that there were 
no zircons in the samples. 
 
Zircon Picking and Imaging 
At the University of Göttingen, a standard petrographic microscope was used for picking 
zircons with a good shape, color, and size. A perfect zircon is large (75-150 μm tetragonal 
prism width), euhedral, whole, clear, and inclusion-free (Reiners, 2005). The particular zircons 
of interest were the Oligocene zircons used for U-Pb dating in Jacobs et al. (2018), so the 
selection was based on a guess of resemblance. A total of seven zircons were picked from the 
two samples. These were then checked in PPL and XPL to look for cracks or inclusions which 
can be a source of radiation damage. All seven grains were then photographed to determine 
their actual dimensions before being packed in the Pt capsule to prepare for the (U-Th)/He 
analysis described in the following section.  
Figure 4.2 - The various instruments and tools used, in order from A-E, for mineral separation at the University of Bergen. 
A. Fritsch Pulverisette 13 discmill. B: Holman-Wilfey shaking table, showing the five fractions. C: Frantz Magnetic 






4.2.2 (U-Th)/He Analysis  
 
The analytical methods follow the standard procedures outlined by the low-temperature 
geochronology lab at the University of Göttingen, based on the work of Zeitler et al. (1987) 
and Farley et al. (1996), and will be summarized briefly. The zircon grains were each carefully 
placed in a 1 mm2 Pt capsule. This method of packing the grain in foil (usually Pt or Nd) prior 
to heating was developed by House et al. (2000) to prevent volatilization and loss of U while 
ensuring uniform heating. The He extraction was done by heating the capsule with a laser to 
1300 ºC for one hour, which results in >99% of the He being extracted (Tagami et al., 2003). 
A re-extraction might be carried out if the crystal did not react to the usual degassing procedure 
as expected due to for example inclusions or very large grain size. The degassed crystal was 
carefully removed from the Pt capsule and dropped in a HF - HNO3 acid mix in a sealed Teflon 
vial. This vial was placed in a larger Teflon bomb that contained the same acid mix and kept 
at 220 ºC for six days. Finally, the dissolved zircon solution was analyzed by a Perkin Elmer 
Elan DRC II ICP-MS.  
 
4.2.3 Data Processing 
 
Due to the possible errors described in 3.2, there are uncertainties, usually from the properties 
of the dated zircon, that need to be corrected. If an uncertainty is too large, they are usually left 
out of the dataset.  Any imperfections in crystal morphology are noted as these often have an 
impact on He diffusion. Ejection correction (Ft) is defined as the total amount of He retained 
in the crystal (1 - Ft = He), referring to the ejection of He close to the rims. This Ft factor is 
used to correct ages by dividing the measured age by the Ft factor (Farley et al., 1996). The Ft 
factor is usually less for smaller grains reflecting the smaller area for He retainment. The 
uncertainty for Ft is calculated by the following equation: errFt = 15 x (1 - Ft). The first He re-
extracts are also considered but are less diagnostic of error as zircons often need several re-
extracts. Effective uranium concentration (eU) is also calculated ([U] + 0.235[Th]) to account 
for any radiation damage that might increase the closure temperature of He (Schuster et al., 
2006). The final ages are given in Ma with an error of 2σ, which includes the analytical- and 








4.3 Thin Sections and SEM 
 
Several 30 µm thick petrographic thin sections were cut from different parts of the samples and 
polished at the University of Bergen. Optical images were obtained using an iPhone 11 and a 
Nikon LV100 POL polarizing microscope equipped with a DS-Fi1 color camera (5.24-
megapixel resolution) coupled to NIS-Elements BR 2.30 software. In addition to capturing 
photos of mineral assemblages and microstructures, the Nikon camera was used make mosaics 
to better prepare for SEM. The SEM is of the type ZEISS Supra 55VP (Fig. 4.3) with the 
backscatter detector used for imaging, and the EDS (Energy-dispersive X-ray spectroscopy) 

















5.1 Mapping  
 
The results from the mapping are presented in a geological map of eastern Elba and includes 
outcrops, boundaries/faults, and structural data (Fig. 5.1). 14 outcrops were described during 
mapping and is summarized in Appendix I. The study is based on 40-50 outcrops, but only 14 
were presented in more detail, as many of the outcrops did not provide anything other than 
structural measurements. The locations for the described outcrops are shown in more detailed 
maps found in Appendix II. The maps in Appendix II are of eastern and central Elba and were 
generated by combining the four maps made by the four individual mapping groups in the 
GEOV252 field course. An accompanying cross-section showing the main features is also 
provided in Appendix II but excludes the internal structures of the APM as this will be 
discussed in the next chapter.  
 The APM stretches from the southern end of Rio Marina straight down to the southern 
coast through a landscape of rolling hills. A smaller section with great exposure can also be 
found around Felciaio Beach. Eastern Elba has received majority of the attention in previous 
studies when describing the unit, but the Felciaio section contains much of interest. The APM 
is heterogeneous throughout Elba, having a variety of mineral contents, calc-schist lenses, 
lineations, and folds but generally share a dip-direction to the west, apart from local variations 







Figure 5.1 – A geological map of eastern Elba, showing the main lithological units and structural measurements. The Acquadolce 
Phyllites and Metasiltstones are shown in light green with dark green lenses representing calc-schist. The two cross-sections A-A’ 
and B-B’ are part of the discussion in Chapter 6. A larger version of the map, including outcrop- and sampling localities, is shown 







Phyllites and metasiltstones are primarily composed of fine-grained quartz and white mica, to 
which there is no exception here. The unit is quite different in appearance in the two working 
areas (eastern Elba and Felciaio Beach). The rocks in eastern Elba have a grey and flaky 
appearance (Fig. 5.2A), sometimes found with elongated white streaks (Fig. 5.2B) that fade in 
and out laterally. Quartz clasts and veins are usually found in the same sections that contain 
these white streaks. Sheared clasts and isoclinal folds are especially abundant along Capo 
d’Arco Road. Local regions of the APM show signs of contact metamorphism, hosting 
andalusite and hedenbergite (skarn). The andalusite appears to be clustered within thin layers 
of the phyllites (Fig. 5.2A). In the northern part of the unit, along the Rio Marina coastline, the 
rocks are more graphitic and contain more, often larger calc-schist lenses (Fig. 5.2C) compared 
to the Capo d’Arco and Ortano area.  
The Phyllites and Metasiltstones at Felciaio Beach (Fig. 5.2D) are part of the rocks left 
behind in central Elba, as opposed to having been translated east by the Zuccale Fault. This 
section stands out from the rest of the unit in eastern Elba, with more obvious layering that are 




Figure 5.2 - The many looks of the Acquadolce Phyllites and Metasiltstones. A. Typical flaky, shiny phyllite with contact 
metamorphic minerals disappearing and reappearing within thin layers, found in Ortano. B: Foliated PM in Capo d’Arco, 






Rock- and mineral compositions indicate what environment the rock formed in and 
what P-T conditions it endured during subduction and deformation. To get a more detailed 
picture of the composition and microstructures, seven thin sections were made from the five 
samples (Fig. 5.3). However, only A, E, and G will be mentioned as the others did not provide 
















The overall composition of the thin sections is dominated by banded quartz and mica, 
sometimes intertwined with graphite, clinopyroxene, and calcite. The various accessory 
minerals include biotite, epidote, cordierite, garnet, chlorite (Fig. 5.4). The dark graphitic bands 
suggest the presence of organic material in the protolith and work well as markers for the 
microstructures (Fig. 5.4A). Biotite is often intermingled in the muscovite and graphitic bands, 
while the calcite is found in the quartz bands. 
Small round garnets (Fig. 5.4C) are abundant in the sample collected from Felciaio 
Beach and have a dirty or clear appearance and is usually cracked. They are concentrated in 
the mica layers, and rarely observed within the quartz layers (Fig. 5.5A). The SEM analyses 
(Fig. 5.5B and C) show that they are rich in Mn, classifying them as spessartine garnets. 
However, they also contained smaller amounts of Ca, indicating partial solid solution with 
Figure 5.3 - The seven thin section samples before being grinded and polished. A-C are from the same sample, and A proved 
to be sufficient enough to exclude separate descriptions for B and C. D did not show any structures or obvious minerals and 






grossular garnet. They have overgrown the foliation, suggesting a post-kinematic origin.  
Garnets are rarely mentioned in the literature for the APM, and simply described as contact 
metamorphic garnets (Pandeli et al., 2001).   
 
 Fig. 5.4C shows a muscovite band with darker orange-brown spots. In the field, these 
were interpreted to be contact metamorphic minerals, and under closer inspection in the 
petrographic microscope, they do appear to be altered cordierite, a contact metamorphic 
mineral commonly found together with andalusite. The SEM analysis on these stains showed 
no different chemical signature to the surrounding muscovite, which is the case as cordierite 
gets altered to pinite (mica). Cordierite in these rocks has been mentioned in Papeschi et al. 
(2020) and Musemeci and Vaselli (2012) who also state that the rocks where these samples 
were collected (Felciaio Beach) are spotted schists rather than spotted phyllites. That would 
explain why this section lacks the flakiness and sheen that is characteristic of phyllites.   
Figure 5.4 - Thin sections from the Acquadolce Phyllites and Metasiltstones. A and B: TOL-E - phyllites from the Capo d’Arco 
region, in PPL and XPL, showing bands of quartz and graphite, with lenses of clinopyroxene and chlorite. C: TOL-A - Spotted 
phyllite from Felciaio Beach, showing garnets and altered cordierite. The reddish color is probably a result of iron oxide 
staining. D: TOL-G - Skarn from the Capo d’Arco region, showing anhedral pyroxene and epidote. Minerals are abbreviated 





         Clinopyroxene (cpx) is found in several of the samples from eastern Elba but is not a 
typical mineral for phyllite apart from in metasomatized phyllite (skarn). The cpx, most likely 
augite, can be found as anhedral crystals in the skarn (Fig. 5.4D), or as elongated lenses within 
the quartz bands (Fig. 5.4B), possibly suggesting two generations of cpx ; the anhedral cpx  
related to the skarn formation, and the other related to some metamorphic event seeing as it is 
aligned with the foliation.  
         Epidote shows up as apple green in PPL and funky, bright colors in XPL (Fig. 5.4D). 
Like cpx, epidote is most abundant in the skarn, but is also found as lenses in the more phyllitic 
rocks that have not been metasomatized. Glaucophane or lawsonite were not found.  
Chl 
Figure 5.5 - A. TOL-A showing garnet as the small, grey spots highlighted by the adjacent red dots. The black rectangle 
frames the area used for one of the SEM analyses and is shown as a black and white image in C. B: Mn EDS element map of 
another area in TOL-A containing garnet. C: EDS spectrum showing Mn and Ca peaks. The white minerals in the black and 











Folding in the APM is present at all scales in the study area and vary greatly in style depending 
on location. The stereonet in Fig. 5.6 shows that the poles to the foliation plot along a great 
circle, suggesting the presence of a large-scale, NE-verging antiformal fold whose fold axis 
plunges shallowly to the NNW. The majority of the dip-directions are to the WSW, which 
could be explained by measuring mostly on the shallower limb, or that the fold is overturned 
in some areas. This is also supported by the fact that the dip is slightly steeper in the east. The 
fold axes measured in the field seem scattered, but two patterns emerge – (i) the fold axes in 
Rio Marina align somewhat on a great circle and (ii) the remaining fold axes trend moderately-
shallowly to the ESE. Fold axes aligning on a great circle implies non-cylindrical folding, 
which fits nicely for Rio Marina being the only area where the highly non-cylindrical sheath 
folds (trending E-W) have been observed.  The lineations trend primarily to the SW, plotting 
on the western limb of this possible megafold. The SE/NW lineations and the ESE fold axes 
are sub-parallel to the main fold axis of the larger fold, suggesting the fold axis might be non-
cylindrical and undulating. 
 
 
Figure 5.6 – A: Stereonet summarizing data collected from the entire working area in Elba. The poles align somewhat on a great 
circle indicating a fold with a fold axis trending NNW. The fold axes trend in all directions. The lineations trend SW and SE/NW.  






The observed folding will be described by location due to the large variations, in the 
following order: Capo d’Arco, Rio Marina, and Felciaio Beach. The main style of folding in 
the Capo d’Arco area is found as rootless, cm-scaled, tight-isoclinal, similar folds (Fig. 5.7A, 
B, D). In sections that are more phyllitic, the foliation undulates creating m-scaled, 
asymmetrical, open and upright folds or kinks. (Fig. 5.7C). The less deformed, smaller folds 
show mostly E-NE vergence, but some verge to the W. The W-verging folds often continue 
into transposed folds and might therefore not show the original vergence.  The measured fold 
axes plunge shallowly to the ESE with a few trending to the NE.   
In Rio Marina, most of the folding observed is found in the large calc-schist lens by the 
lighthouse in Rio Marina harbor. The colorful layers form tight to isoclinal similar folds and 
sheath folds (Fig. 5.8). The similar folds have fold axes trending in all directions except from 
east. The sheaths folds are recognized only by the elongated, flattened eye shape that represents 
the tip of this highly non-cylindrical fold. The sheath fold’s fold axis appears to trend sub-
horizontally to the WNW, and measures 20º/274, but this is a rough measurement. Rough or 
Figure 5.7 – Different styles of folding in Capo d'Arco. A: Recumbent, tight-isoclinal fold. B: In the field, the structures 
outlined in red were thought to be folds with varying thickness, but they are probably sheared delta clasts. C: Undulating 





not, the trend corresponds with the general direction of E-W shearing in Elba. Ptygmatic 
folding in quartz veins were occasionally observed further south along the coast.  
 
Felciaio Beach has as mentioned a different style of folding as well as very local 
variations. The rocks cropping out on the sandy beach are mostly planar, getting increasingly 
more folded to the west. Thin quartz veins folded in a chaotic manner that protrude from the 
host rock is the first style encountered (Fig. 5.9). Similar to Capo d’Arco, majority of the 
smaller folds verge in an eastern direction, with a few verging to the W. Some sections have 
very strong layering which is folded concentrically and sometimes refolded (Fig. 5.10), 
showing a clear distinction between the competent quartz layers and incompetent finer-grained 
layers. This is the only place in the study area where refolding is interpreted at the meso-scale 
and the folds appear to be type 3 refolded folds (Fig. 5.10A and B). Parts of the outcrops are 
broken off and highly weathered, increasing the uncertainty about whether these are refolded 
folds or not.  
Figure 5.8 - Folding in the calc-schist lense at the lighthouse in Rio Marina. A: Similar folds in the foliation. B: Sheath fold's 
eye shape outlined in red.  









Lineations are abundant throughout both working areas and include mineral stretching 
lineations and possibly crenulation- and intersection lineations (Fig. 5.11). There are two main 
lineation directions as seen in Fig. 5.6. The majority plunge shallowly-moderately shallow to 
the SW, and represents the lineations measured at Rio Marina, Ortano, and Felciaio Beach. The 
SE/NW trending lineations reside in the Capo d’Arco area, which again is the outlier when it 
comes to structural homogeneity. The stretching lineations are highlighted by cordierite and 
rodding (Fig. 5.11A, C and D). The cordierite is elongated in the NE-SW direction, and 
shortened in the SE/NW direction, implying constrictional strain with the formation of an L-
tectonite. Cordierite is a contact metamorphic mineral and is probably a result from contact 
metamorphism by the Porto Azzurro Pluton (5.9 Ma), suggesting that the stretching post-dates 
the intrusions.  
Figure 5.10 - Folds at Felciaio Beach. A and B: Refolded folds. Blue line represents the axial plane from the first generation, 
and the green line represents the new axial plane. C: Concentric folds outlined in red with green lines showing the fold axes. 
The upper-right hand sketch shows the process of how a type 3 fold forms, by combining folds that have axial planes 







Microstructures are abundant in the thin sections, and the most prominent one is crenulation 
cleavages. Crenulation cleavages form as an older foliation is folded, creating several 
microscopic folds, indicating that the rock underwent stress from two different directions 
(Fossen, 2016). In TOL-E, the crenulations are highlighted by the graphitic bands (Fig. 5.12A, 
B) and verge both left and right which is common for crenulations as they often kink. S-C’ 
fabrics (Fig. 5.12C, D) can also be seen in the same thin section, showing a sinistral sense of 
shear. Unfortunately, the thin sections were not oriented so they cannot be used to determine 
movement direction, but high strain can be inferred as well as an extensional setting. S planes 
represent the curved, rotated foliation, while C´ planes are miniature shear zones within the 
shear zone. C’ planes differ from C planes in that they are formed at a later stage during 
 
Figure 5.11 - A: Sample from Felciaio Beach, showing a stretching lineation on cordierite, elongated in the NE-SW direction, 
and folded quartz layers shortened in the SE-NW direction, also represented by a strain ellipsoid. B: Possibly crenulation or 
intersection lineations by Rio Marina coast trending SW. C: Rodding lineations at Felciaio Beach trending SW with an average 





shearing. The rocks might not appear highly deformed at first glance, but at closer inspection, 
the thin sections record various phases of deformation as transposed folds can be found 
wrapped around the crenulations (Fig. 5.12B). 
 
Brittle deformation 
Brittle deformation was observed in the form of normal faulting across the entire unit (Fig. 
5.13). The faults show both TTW and TTE movement with displacement varying between tens 
of cm to m. They most likely relate to the two normal fault systems trending N-S and NE-SW 
that were mentioned in Chapter 2.3. The fault planes are characterized by either well-defined 
slip surfaces or fault gouges approximately 5-10 cm wide.  The largest fault was observed by 
the sampling location of TOL-3 and has ca. 10 m exposed with the foliation showing normal 
drag. Collectively, the fault dips range between 30º to near vertical. Older structures, such as 
open folding, are crosscut by these normal faults.  
 
Figure 5.12 - Microstructures in TOL-E from Capo d’Arco Road highlighted by graphitic bands. A: Crenulation cleavage viewed 
at 10x magnification. The yellow line is the old foliation, and the blue is the newer foliation. B: Crenulation cleavage folding the 
older foliation together with the transposed folds, viewed at 4x magnification. The yellow line represents both the older foliation 
and the transposed fold’s fold axis. Blue line is once again the new foliation. C and D: S-C’ fabric showing a top-to-the-left 





   
 
5.4 (U-Th)/He Analysis 
 
Out of the six samples collected, only two yielded zircons, TOL-5 and TOL-6. The two samples 
were collected only a few tens of meters apart and it was quite surprising that these were the 
ones to contain the most zircon, as they looked the least sandy and more like proper flaky 
phyllites (Fig. 5.14). (U-Th)/He thermochronology of zircon from TOL-5 and TOL-6 has 
resulted in seven single-grain ages. The analyzed zircon grains are euhedral with spherical radii 
of 37-61 µm. They all have small inclusions, but none are broken (Fig. 5.15). The 
concentrations for U, Th, and Sm ranged between 276-1161 ppm, 25-181 ppm, and 0-12 ppm 
respectively. Sm is significantly lower than U and Th, which is normal for zircon and why it is 
not included when calculating the effective uranium concentration (eU). The eU ranges 
between 291-1190 ppm, averaging at 605 ppm. The correction ejection (Ft) ranges between 
0.684 and 0.799 and has a positive correlation with the grain size. A He re-extraction was also 
completed, where five of the grains range between 0.1 and 1.2%, while the remaining two had 





Figure 5.13 – Brittle, W-dipping faults showing normal displacement of about 20-30 cm. They are probably related to the 






















Figure 5.15 – The seven zircons used for (U-Th)/He thermochronology in this study. A: The four zircons picked from TOL 
– 5 have widths of 85 µm, 60 µm, 81 µm, and 76 µm (z1-z4). B: The three zircons picked from TOL – 6 have widths of 76 
µm, 93 µm, and 98 µm (z1, z3, z4). All the grains are euhedral and contain small inclusions. Their mass is listed in Table 3.  
Figure 5.14 - The location where TOL-5 was sampled, right behind the hammer. The rocks are on the more phyllitic side 





The (U-Th)/He analyses of the seven grains resulted in similar ages from 5.06 Ma to 
6.37 Ma, with the mean age being 5.7 Ma for TOL-5, and 5.9 Ma for TOL-6, both with an error 
margin of 0.3 Ma. Whether the youngest and/or oldest ages are outliers can be established to 
some degree by interpretation of He re-extraction, the Ft, crystal properties, and the eU. The 
youngest ages, 5.06 Ma (TOL–5 z4) and 5,22 Ma (TOL–6 z4), have the highest He re-extracts 
of 7.2% and 13.6%, while the older ages are all below 1.2%. If the value is >5% it is often 
excluded from the dataset. TOL-6 z4 has the highest Ft value, and TOL-5 z4 has the second 
highest Ft value for TOL-5, but this is expected for the largest grains. The estimated uncertainty 
of Ft is the same or less as the other grains (3.0-4.7%). The grain morphology is similar in all 
the grains, being euhedral with minor inclusions, but TOL-5 z4, and especially TOL-6 z4 are 
rather cloudy compared to the other clear grains. The eU shows no correlation with the ages, 
and a correlation, either negative or positive, is expected if the dispersion of ages is due to 
radiation damage (Anderson et al., 2017). These results are summarized in Table 3. All in all, 
this suggests that the younger dates might not be as accurate as the older ones. Excluding the 
two youngest outliers, the new ages are 5.9 Ma for TOL-5 and 6.2 Ma for TOL-6, and they are 
both within the margins of error of each other (0.3 Ma). Looking back at Table 1, the ages 
could be related to the thermal effects of the Porto Azzurro Pluton (5.9 Ma) and/or the 






























































































































































































































































































































































































































































































6   Discussion 
  
The style of folding, refolding, opposing vergences and kinematic indicators in the APM all 
point towards a multi-deformational tectonic history which can be somewhat unraveled using 
thermochronology. Previous studies have provided first-order interpretations for the 
deformation of the APM, but few of them were done solely on this unit. As a result, there is 
lack of data and debate surrounding the existing explanations of the APM’s tectono-thermal 
evolution. This study gives special focus to the APM and provides additional structural data as 
well as the first ZHe thermochronological data for the APM, which will be discussed in the 
following section. 
6.1 Structure
6.1.1 Comparison of Structural Data with Selected Previous Studies 
 
The general structural picture of this study is similar to what Elter and Pandeli (2001) found, 
with foliations dipping mostly to the WSW like the rest of the EENS, and lineations plunging 
mainly to the SW and NE. Foliations in the eastern section of Capo d’Arco deviate from this 
trend, dipping towards the ENE, as also noted in most studies dealing with the structural 
analysis of the APM (Fig. 6.1). Although the majority of the mineral lineations trend to the 
SW, a number of SE-plunging lineations were also found in this study. SE-plunging lineations 
are very sparse or absent in the selected previous studies (Fig. 6.1B, D). Kinematic indicators 
found by Pandeli et al. (2001) and Bortolotti et al. (2001) show transport directions to the NE, 
SW, top-to-the SW (TTSW), and top-to-the SE (TTSE). Few kinematic indicators were 
observed in this study, but they show transport directions to the NE (asymmetric folds and 
clasts) and W (normal faults). Combining the results from this work and previous studies shows 







6.1.2 Deformational Events  
 
Different events and deformation mechanisms have been suggested based on structures and 
accompanying ages.  Generally, there are two-three main deformation phases recognized – the 
prograde metamorphic related to subduction, and the retrograde related to exhumation and 
extension, and finally deformation related to pluton emplacement and post-orogenic collapse.  
 
Pre-subduction 
The collision between Africa and Europe initiated in the Late Cretaceous as Europe subducted 
underneath Adria in the north forming the Alps, and later Adria subducted underneath the 
Corsica-Sardinia block further south creating the Apennines (e.g. Carmignani and Kligfield, 
1990; Gueguen et al., 1998 and references therein). The APM were originally thought to be 
Early Cretaceous in age after the findings of relict microfossils (Duranti et al., 1992) and from 
Figure 6.1 – Comparisons of structural data. A: Stereonet of all structural measurements taken in this study. B: Stereonet for 
APM showing lineations fold axes related to Dp (main deformational event), Dc (later crenulation event), and later folds (Elter 
and Pandeli (2001) This is a rather unusual representation linear data, clearly showing the trend, but whether the plunge is at 
the arrowhead or tail is not specified. C: Stereonet of the megafold in the APM (Ryan, 2017). D: Lineations in the APM (Ryan, 





the Ligurian Domain that had undergone low-P metamorphism (Keller and Coward, 1996; 
Garfagnoli et al., 2005; Musumeci and Vaselli, 2012). The Ligurian affinity and low-P 
metamorphism was questioned by Bianco et al. (2015) who instead suggested a Tuscan affinity 
based on the chemistry of metabasites and HP-metamorphism based on relict HP minerals in 
the same rocks. The age of these sediments is controversial. Microfossils were not observed in 
this study and have not been reported in other studies succeeding Duranti et al. (1992). Whether 
fossils would even be preserved after the intense deformation and metamorphism is 
questionable (Moorbath, 2005), but fossils have been found in Triassic HP rocks from the Alps 
(Bernard et al., 2007). Sirevaag (2013) dated detrital zircons in the APM using the U-Pb LA-
ICPMS method obtaining a cluster of minimum ages around the 32 Ma peak, constraining the 
maximum deposition age to the Oligocene. Jacobs et al. (2018) confirmed this by dating zircons 
using the more accurate U-Pb SIMS method (Kosler et al., 2002), obtaining an age of 31.6 Ma, 
making them coeval to the foredeep deposits of the Macigno and Pseudomagicno units of the 
Apuan Alps in the Northern Apennines. The depositional age is important as it constrains the 
age of the first deformation to <31.6 Ma. Finding the source and origin of these sediments was 
discussed by Sirevaag (2013) who suggested an igneous source based on the euhedral 
morphology of the zircons, and an Iberian origin based on the igneous activity in Sardinia that 
lasted from 32-15 Ma, yet peaked at 20 Ma (Lustrino et al., 2009), postdating the zircons. 
However, Jacobs et al. (2018) analyzed the Hf isotopic composition on the zircons, which 
showed similarities to the Bergell plutons of the Central Alps. Its volcanic roof is now fully 
eroded, and its erosional products are found in the Oligocene Aveto-Petrignacola Formation in 
the Northern Apennines. The zircons could therefore originate directly from the Bergell 
volcanic roof or from the erosional products in the Aveto-Petrignacola Formation. Instead of 
eroding from W to E from the Iberian Plate into the subduction zone as proposed by Sirevaag 
(2013), the zircons must have travelled longitudinally about 400 km south, from the Central 
Alps to the Apennine foredeep, and was then subducted (Jacobs et al., 2018).  
 
Subduction and HP/LT Metamorphism  
There is no doubt that the APM has a subduction history based on the relict HP minerals 
contained in the metabasites (Bianco et al., 2015, 2019) The APM subducted to depths that 
experienced lawsonite-blueschist facies peak metamorphism, reaching P-T conditions of 1.5-
1.8 GPa and 320-370 °C (Papeschi et al., 2020; Bianco et al., 2015, 2019). This is the first of 





after new data from Jacobs et al. (2018) came forth, suggesting that the peak metamorphism  
happened at 19 Ma rather than 30 Ma as previously interpreted (Bortolotti et al., 2001; 
Balestrieri et al., 2011; Deino et al., 1992). This event is reflected best in the Capo d’Arco 
region indicated by the presence of isoclinal and rootless folds observed at both the mesoscale 
(Fig. 5.7D) and microscale (Fig. 5.12B). Due to the relationship between the Corsica-Sardinia 
block and Adria, it is expected that these structures should be dominated by TTE movement. 
However, determining any asymmetry in these old structures is near impossible as they are 
poorly preserved after being strongly deformed to the point of transposition onto the later 
foliation. Shear zones have been present from subduction to pluton emplacement, making it 
difficult to constrain the timing of the formation of the Rio Marina sheath folds. Sheath folds 
have for example been found in central Elba, associated with the Late Miocene Felciaio Shear 
Zone (Musumeci et al., 2012). Nonetheless, this study interprets the Rio Marina sheath folds 
as a result of the intense shearing during the subduction stage, based on the E-W trend of the 
fold axes and the associated E-W- and NE-SW-trending, penetrative stretching lineations 
(Papeschi et al., 2020) reflecting the NE-SW plate motion (Carmignani et al., 1978). This is 
supported by the similar findings in the Tuscan metamorphic units of the Apuan Alps who also 
host subduction-related sheath folds with fold axes subparallel to the pervasive N60-80-
trending stretching lineations (Vanneschi et al., 2014).  
 
Early Exhumation  
Exhumation in the Northern Apennines is one of the more debated topics as it includes the 
puzzle of exhumation- timing and mechanisms of (U)HP rocks. The processes that have been 
suggested for the exhumation of the metamorphic units in the Northern Apennines include syn-
orogenic extrusion (Storti, 1995; Jolivet et al., 1998; Rossetti et al., 2002; Molli, 2008; Molli 
et al., 2018), post-orogenic extension (Carmignani & Kligfield, 1990; Carmignani et al., 1994), 
slab rollback, delamination and buoyancy (Brun and Faccenna, 2008; Ernst et al., 1997), and 
repeated underplating (Jolivet et al., 1998; Malavieille, 2010). Thomson et al. (2010) pointed 
out that it is most likely a combination of these, as one single process cannot account for the 
variety of structures seen across the Northern Apennines.  
After being subducted to depths of 42-50 km, the APM underwent rapid, near-
isothermal exhumation in the greenschist-facies reaching temperatures of <380–420°C 
(Papeschi et al., 2020). Open-tight and E- and W-verging folds, shear bands, crenulation 





various stages of exhumation. The high strain structures are mostly found in the far north and 
south, suggesting the strain was heterogenous. The early stage of this phase deformed the older 
isoclinal structures to the point of transposition onto the main foliation. This is also seen in the 
areas abundant in calc-schist lenses where alternating layers appear to represent stratigraphy 
but is in reality transposed layers. This event could also account for the incorporation of the 
lower nappes into the accreted, unmetamorphosed nappes (e.g. Tuscan Nappe, Ligurian units), 
but the distinction between nappe stacking of the upper and lower units are often not 
differentiated, leading to some stating that nappe stacking took place during subduction 
(Carmignani and Kligfield, 1990; Jolivet et al., 1994; Musumeci et al., 2015)  and some at the 
beginning of exhumation (Deino et al., 1992; Massa et al., 2017; Papeschi et al., 2020).  
Extensional shear bands associated with exhumation are found cutting the main foliation. Due 
to the unfortunate fact that the thin sections were not oriented one cannot determine whether 
the bands show TTW- or TTE extensional shearing. TTW extensional shearing has been 
reported in previous literature for the Acquadolce Unit (Elter and Pandeli, 2001; Ryan, 2017), 
but the similar HP units of Gorgona Island (the northernmost island in the Tuscan Archipelago) 
show TTE extensional shearing (Rossetti et al., 1999). Either way, both TTW and TTE 
extensional structures, like detachment faults, can form in an orogenic wedge during extension 
(Fossen, 2016).  
The APM consists of HP rocks from the subduction channel, an environment 
characterized by very rapid exhumation of continental material that is mainly driven by 
buoyancy as opposed to the slower extension found in the overlying wedge (Jolivet et al., 
2003). The positive buoyancy of continental rocks will only exhume them to depths of about 
30-40 km (Boutelier et al., 2004; Brun and Faccenna, 2008) which is often located at the base 
of the orogenic wedge (Jolivet et al., 2003). Syn-convergent extrusion can occur via rigid 
wedge extrusion or ductile channel flow (Chemenda et al., 1996; Boutelier and Chemenda, 
2008; Grujic, 2006). At a certain depth, the effective interplate pressure can become lower than 
the lithostatic pressure due to buoyancy, triggering the detachment of a rigid extruding wedge 
(Boutelier and Chemenda, 2008) (Fig. 6.2). This wedge is bound by the main basement thrust 
and an upper extensional fault (Chemenda et al., 1996) possibly causing both the TTW 
extensional-and TTE compressional structures in the APM. Strain is mostly concentrated along 
the fault boundaries whereas the core experiences little to no deformation (Grujic, 2006). 
Channel flow is similar to wedge extrusion, involving the upward ductile movement of rocks 





deformation. This was suggested by Ryan (2017) to account for the TTW, conjugate, and TTE 
structures. Grujic, (2006) pointed out that if the ductile channel falls below a critical 
temperature it will convert to an extruding wedge.  
Slab rollback initiated between the Late Oligocene-Early Miocene (Gueguen et al., 
1998) resulting in a wide subduction channel and wedge and created more space for return flow 
and uplift of the buoyant rocks as well as further heating and upwelling by the asthenosphere. 
Even with the upwelling asthenosphere, the exhumation happened in an overall cool regime 
due to the continuous underthrusting of cold continental crust (Jolivet et al., 1996, 2003), but 
did experience a slight increase in temperature during the greenschist retrograde 
metamorphism (Papeschi et al., 2020).  
Brun and Faccenna (2008) suggested that the exhumation of HP rocks in the Calabria-
Apennine belt is driven by the subduction of a small continental block, slab rollback, and 
buoyancy. Their model shows that exhumation initiates when the continental block is 
completely decoupled from the underlying mantle as the compressional front of the wedge 
reaches the ocean-continent boundary, which in turn triggers slab-retreat. Slab retreat widens 
the subduction channel, and the upwelling asthenosphere can cause core complex exhumation. 
This model is probably more applicable to the Southern Apennine-Calabria region considering 
the lack of evidence of oceanic subduction after the initial continental collision took place in 
the Northern Apennines. However, most of the concepts correlate with syn-orogenic extrusion 
apart from what triggered rollback. If not triggered by the continental block, retreat was most 
likely caused by an increase in the subduction angle as a result of the downward gravity of the 
high-density slab (Zhang and Wang, 2020). Ultimately, the concept of positive buoyancy is 
Figure 6.2 - Subduction zone showing the extrusion of a detached, more buoyant wedge bound by a basal thrust fault and an 





probably what exhumed the APM to crustal levels of 30-45 km. Platt (1993) even claimed that 
buoyancy-driven exhumation is the only way to exhume deeply buried rocks in the early stages. 
 
Late Exhumation 
Once at mid-crustal levels, different processes started governing after the equilibration of 
buoyancy forces. Extrusion could still take place, but it would be due to other mechanisms than 
buoyancy. The retreating slab along with wedge dynamics caused extension in the wedge. 
(Platt, 1986; Carmignani and Kligfield, 1990; Jolivet et al., 1998). Repeated 
underplating/antiformal stacking has been proposed for the exhumation of HP units like the 
Tuscan metamorphic core complex in the Apuan Alps (Jolivet et al., 1998; Malavieille, 2010) 
and could have aided with some of the exhumation for the APM. This process is often a 
response to the everchanging wedge-geometry, which switches between frontal accretion and 
underplating to maintain gravitational stability, resulting in phases of compression followed by 
extension (Gutscher et al., 1996, 1998). Repeated underplating and frontal accretion will 
ultimately result in an overthickened wedge that will start to deform by extensional faulting 
through normal- and detachment faults verging both to the E and W (Storti, 1995; Clemenzi et 
al., 2014; Massa et al., 2017). Both upper crustal listric normal faults and shear zones are 
recorded in the Northern Apennines (Apuan Alps) (Carmignani and Kligfield, 1990).   
W-verging tight folds are associated with exhumation in the wedge. Platt (1983) 
explains W-verging structures can form in the retrowedge due to local compression. Indeed, a 
phase of renewed compression during the Middle-Late Miocene interrupted the extensional 
tectonics taking place in the Northern Apennines (Bonini et al., 2014; Musumeci et al., 2015; 
Massa et al., 2017; Viola et al., 2018). This is also highlighted by the delta clasts (Fig. 5.7B) 
which are made of boudinaged quartz veins suggesting extension. They were then affected by 
TTE-shearing indicating a later compressional event. This was possibly caused by wedge 
instabilities that were accommodated by compression in the internal wedge (Ryan, 2017). The 
most prominent structures to come out of this event were km-scale folds, which have been 
described for the Apuan Alps (Carosi et al., 2004; Molli and Meccheri, 2012), and recently 
also on Elba (Massa et al., 2017). Bortolotti et al. (2001, 2016) mentioned large-scale folds in 
the lower Ortano units, but their isoclinal nature makes them more likely to be related to 
subduction or early exhumation. The later large-scale folds are characterized by NE-vergence, 
trending to the NNW, sometimes with a flat-lying axial plane. The inferred large-scale fold in 





area after finding opposite dip-directions indicating an antiform. The geometry of the fold is 
non-cylindrical, asymmetrical, verging to the NE, with an undulating fold axis overall plunging 
to the NNW. This fold could explain the NW-SE lineations if interpreted as intersection 
lineations and rods, as one would expect these to form parallel to the fold axis. Megafolds in 
the APM has only been reported once before by Ryan (2017) who interpreted the foliation, just 
north of Ortano Valley in the Rio Marina area, to define an overturned fold (Fig. 6.3A), similar 
to the Rio Marina Antiform described by (Massa et al., 2017) (Fig. 6.3B).  In the Rio Marina 
area, the Acquadolce Antiform is described as having a short, steep E-dipping limb and a 
shallow W-dipping limb. Comparing this to the one found in this study shows that the western 
limbs seem to be similar, but the short eastern limb in the Capo d’Arco area dips more 
shallowly to the NE which was interpreted to be a result of later deformation caused by normal 
faulting (Ryan, 2017). The interpretation of late normal faulting explains the wide variety of 
dip-directions observed in this particular region. The structural measurements from this study 
that were taken in the Rio Marina area do not show any steep E-dipping foliation. What was 
observed instead was constant W-dipping foliation, where the higher end of the dip values did 
not exceed 65º.  
Figure 6.3 - Previously described megafolds in the EENS. A: The Acquadolce Antiform north of the Ortano Valley. The 
eastern limb is cut off by the Rio Marina Fault. The western limb might invert at depths (Ryan, 2017). B: The overturned Rio 
Maria Antiform just north of Rio Marina. Σ – Serpentinites; Li – Mesozoic Sedimentary Cover; Tn; Calcare Cavernoso; Ve – 





Based on our own measurements and the fold interpretation of Ryan (2017) two cross-
sections were drawn, showing the southern antiform in Capo d’Arco (Fig. 6.4A), and the 
northern antiform near Rio Marina (Fig. 6.4B). Naturally, the northern antiform has a slightly 
different geometry than the one drawn by Ryan (2017) in Fig. 6.3B due to our partially different 
measurements. Another explanation for the varying orientation of the eastern limb could be its 
contact to the Felciaio Shear Zone. This shear zone was active during the Late Miocene pluton 
emplacement (Musumeci and Vaselli, 2012) and could have caused ductile deformation 
directed upwards by its reverse motion until the eastern limb finally dipped to the E.  
Figure 6.4 - Cross-sections from Eastern Elba, showing the relationship between interpreted folds and structures. A: The top 
cross-section is from the Capo d’Arco area showing the NE-verging Acquadolce Antiform that formed in a compressional event 
in the Middle-Late Miocene. Later, the fold suffered deformation by normal faulting, slightly changing the geometry of the fold. 
The E-dipping shorter limb is possibly a result from this later brittle, normal faulting or from the reverse motion from the ductile 
Felciaio Shear Zone. Capo d’Arco contains structures mostly related to the subduction event, as shown in the left-hand zoomed-
in box, showing the transposed, isoclinal folds, as well as some later clasts showing TTE movement. The Ortano folds are 
included in the cross-section, but the Ortano Porphyroids are not exposed in the southern area due to the NNW-plunging fold 
axis.  
B: The lower cross-section represents the area around Rio Marina, north of Ortano Valley. The Acquadolce Antiform is 
overturned as reflected by the same dip-direction across the unit. The Ortano Porphyroids are now exposed due to being located 
further up in the fold. The northern part of the APM contains more calc-schists and skarn which are intensely sheared in areas 
like the Rio Marina lighthouse. This is the only area where sheath folds have been observed showing E-W movement.  AP – 
axial plane; FSZ – Felciaio Shear Zone; CC – Calcare Cavernosso; VF – Verruca Formation; RM – Rio Marina Formation; S 
– Serpentinites; APM – Acquadolce Phyllites and Metasiltstones; SP – Silvergrey Phyllites and Quartzites; OP – Ortano 







Post Exhumation  
With a continuously rising asthenosphere, the monzogranite Porto Azzurro Pluton was 
emplaced at depths of approximately 6.2 km, intruding Eastern Elba at 5.9-6.5 Ma (Maineri et 
al., 2003; Gagnevin et al., 2011). The pluton generated enough heat allowing for ductile 
deformation to take place rather than brittle which is expected for rocks at very shallow crustal 
levels.  A new phase of Late Miocene-Early Pliocene compression was recognized by reverse 
motion in thrusts and shear zones (e.g. Felciaio Shear Zone, Capo-Norsi Thrust, possibly 
Zuccale Fault) (Musumeci et al., 2015; Papeschi et al., 2017; Massa et al., 2017) creating local 
mylonites and open folds (Fig. 5.7C). Mineral stretching lineations of quartz and the contact 
metamorphic mineral cordierite form an L-tectonite (Fig. 5.11A) trending SW, (sub)parallel to 
the local shear zones found at Felciaio Beach. The stretching probably relates to the Felciaio 
Shear Zone, indicating ductile deformation taking place syn- or post intrusion. The pluton’s 
main effect on the APM was the formation of skarn and contact metamorphic minerals such as 
the spessartine-grossular garnets. The garnets overgrow both the main foliation and the 
cordierite, suggesting they are post-kinematic in origin or deformed brittlely due to insufficient 
heating. As for the question of the composition of the garnets, Mn/Ca-rich garnets are usually 
regarded as a mineral belonging to the greenschist facies produced in low-grade phyllites, but 
can also be a product of contact metamorphism seeing as the formation of Mn/Ca-garnets is 
mostly dependent on the availability of these elements in the protolith rather than P-T 
conditions (Hsu, 1980). This period, marked by very high heat flow, was similar to today’s 
Larderello geothermal field with its impressive geothermal gradient of 75-100 ºC/km. Papeschi 
et al. (2020) states that the northernmost parts of the APM largely escaped HT-LP 
metamorphism, but obliterated most of the HP minerals in the southern portion. 
 The final phase of deformation that affected the APM is the upper crustal brittle 
deformation marked by N-S striking high-angle normal faults dipping to the west. The 
observed faults are likely to be part of the same normal fault systems described in previous 
literature relating to orogenic collapse and the rifting of the Tyrrhenian Sea (Trincardi and 
Zitellini, 1987; Bortolotti et al., 2001).  The observed faults are relatively small and did not 
affect the overall geometry of the APM other than offsetting thin layers. The larger faults on 
the other hand, like the Rio Marina Fault, are responsible for offsetting the nappes, which can 







 Figure 6.5 - Tectonic evolution of the Northern Apennines showing the journey of the Oligocene zircons from the APM (yellow star). a) Subduction of the Western Tethys, which accreted and subducted oceanic sediments. Volcanism in the Central Alps 
provided the 32 Ma zircons, which eroded and traveled 400 km south, ending up in the Apennine foredeep before being 
subducted shortly after. b) Continental collision initiated in the Late Oligocene-Early Miocene, accreting Tuscan rocks either 
by frontal accretion or underplating. At 19 Ma, the APM were subducted to depths of 42-50 km, experiencing peak 
metamorphism in the lawsonite-blueschist facies before exhuming isothermally through the episode-blueschist to greenschist 
facies, which was driven by buoyancy. Slab-rollback started shortly after, triggering extension in the upper wedge and upwelling 
of the asthenosphere, promoting further uplift. c) The APM probably reached upper crustal levels by the Middle Miocene, 
undergoing further exhumation by extension in the upper crust. At this time, the APM experienced a compressional event in-
between the extension, creating km-scale folds. Detachment of the subducting slab has been suggested for the Southern 
Apennines/Calabria, but uncertainty remains around the detachment in the Northern Apennines. d) Continuous thinning of the 
crust by the upwelling asthenosphere caused plutons like the Porto Azzurro and Mt. Capanne Pluton to intrude Elba. The whole 







The (U-Th)/He analysis was conducted in order to obtain information about cooling and 
exhumation history of the APM. The zircons’ euhedral shapes likely make them the Oligocene 
volcanic zircons we were after. Based on the zircons’ morphology, Ft values, He re-extractions, 
and eU, the ages of 5.9 Ma and 6.2 Ma were interpreted to represent cooling through the closure 
temperature for retention of He in zircon at ca. 180 °C.  The beginning of exhumation was said 
to  initiate shortly after peak metamorphism, which was previously thought to have occurred 
at 30 Ma (Balestrieri et al., 2011), but more recent studies suggest that the 19 Ma age (Deino 
et al., 1992; Bianco et al., 2019) more likely represents peak metamorphism (Massa et al., 2017; 
Papeschi et al., 2020). This study will interpret the results using the younger age.  
Constraining Elba’s exhumation has been done in various ways. Bortolotti et al. (2001) 
suggested that Elba was already above sea-level by the Late Miocene pluton emplacement due 
to the absence of marine sediments. Duranti et al. (1992) calculated that HT-LP metamorphism 
in the Acquadolce Unit experienced a maximum pressure of 0.2 GPa, equating to depths of 5-
6 km (Papeschi et al., 2020), suggesting that it was not fully exhumed by pluton emplacement. 
Due to the fact that Elba was probably already at shallow depths by the Late Miocene, Early-
Middle Miocene ages were expected as the 180°C isotherm would be at depths of ca. 7 km 
using a geothermal gradient of 25/km. Previous thermochronological work has also suggested 
that exhumation in the Apuan Alps occurred at 12 Ma (Kliegfield et al., 1986). Papeschi et al. 
(2020) was published during this study and showed that the APM experienced near-isothermal 
exhumation through a cold geothermal gradient similar to oceanic subduction gradients of 5-
10°C/km. This means that the 180°C isotherm was probably located at depths of 36-18 km. If 
the 5.9-6.2 Ma ages represent cooling by exhumation, then the exhumation rate would be very 
slow (0.46-2.4 km/Myr). The APM is always described as being rapidly exhumed (Jacobs et 
al., 2018) and HP rocks exhuming in collision zones can exhume at rates of 30 km/Myr (Brun 
and Faccenna, 2008) and even 50-100 km/Myr (Boutelier et al., 2004).  
Balestrieri et al. (2003) did ZHe dating in the Apuan Alps and reported similar young 
ages (7.42 – 4.98 Ma). Specifically, the Pseudomacigno Unit (metamorphosed Macigno 
foredeep deposits and are also found on Elba) has been correlated to the APM, and showed an 
age of 7.4 Ma (Balestrieri et al., 2003) and 3.61-6.93 Ma (Fellin et al., 2008), which was 
interpreted to represent cooling by exhumation as there is no evidence of nearby magmatism. 
Whether parallels can be drawn between this unit and the APM is questionable. The 





could have a different exhumation history. It is therefore unlikely that our obtained ages 
represent exhumation. 
 
Reset Ages by the Porto Azzurro Pluton 
If the ages do not represent exhumation, then the other possibility is that the zircons were reset 
by the Porto Azzurro Pluton and/or deformation/hydrothermal fluids. Tvedt (2011) dated 
muscovite from the Capo d’Arco Schists and Ortano Porphyroids in eastern Elba, and the 
Silver-grey phyllites and quartzites in central Elba at the beach adjacent to Felciaio Beach. 
These units are all in close proximity of the APM. The ages obtained were around 6.2-6.5 Ma 
and were interpreted to represent cooling to below muscovite’s closure temperature of 350-
400°C (e.g. Hames and Bowring, 1994) after getting heated and reset by the Porto Azzurro 
Pluton. The results are relatively similar to the zircon ages in this study (5.9-6.2 Ma), 
suggesting that they probably share the same thermal history. To reset zircon ((U-Th)/He 
system) and muscovite (Ar40/Ar39 system), temperatures need to be above at least 180 °C and 
350-400 °C respectively over a period of time. In some cases, high temperatures are not enough 
to fully reset the minerals and requires interactions with hydrothermal fluids and/or 
deformation (Wölfler et al., 2010; Ault et al., 2016). The simplest explanation for the young 
ages is that they were reset by the Porto Azzuro Pluton with or without the aid of hydrothermal 
fluids and/or deformation. The Porto Azzurro Pluton is dated to 5.9-6.5 Ma (Maineri et al., 
2013; Musemeci et al., 2015) reaching peak temperatures of ca. 600 °C in the lower units 
(Duranti et al., 1992) while the Calanchiole Shear Zone is dated to 6.14 Ma (Viola et al., 2018) 
with the Felciaio Shear Zone probably being coeval. These two features could provide both the 
temperature and/or circulation of hydrothermal fluids required for resetting. Nearby skarns in 
Rio Marina that formed by metasomatic processes confirm the presence of hydrothermal fluids 
close to the sampling location. Further observations strengthening the interpretation of reset is 
the presence of contact metamorphic minerals in the APM. Both andalusite and cordierite have 
been observed in the field, which require at least 450 ºC to form (Deer et al., 1992).  
The uncertainties with this explanation lie within the general uncertainties pertaining 
to the extent of the Porto Azzurro Pluton. The pluton is not documented as well as the Mt. 
Capanne Pluton due to the lack of outcrops. The contact aureole has been estimated to have a 
diameter of 6-7 km (Musemeci et al., 2015) or 9.5 km from north to south (Caggianelli et al., 
2018). Whether the aureole actually affected our sampling localities, and to what degree, is still 





metamorphism. They also show that the isograd for cordierite and andalusite ends just north of 
the Ortano Valley, which puts our sampling localities in the biotite zone, indicative of low-
grade contact metamorphism. This corresponds to the findings in this study, as cordierite has 
only been observed in the south at Felciaio Beach, and andalusite has not been observed north 
of the Ortano Valley. On the other hand, Ryan (2017) computed isotherms for the APM relating 
to the Porto Azzurro Pluton, showing a 450 °C isotherm going through the location where 
TOL-5 and TOL-6 were collected. One of the remaining questions is whether these 
temperatures were upheld for long enough to reset the geochronological systems. Currently, 
Andrea Brogi and his colleagues are conducting a study on the emplacement and cooling of 
the Porto Azzurro Pluton, which can provide us with the information about this being a short 
pulse of heating or a longer-lasting event. They state that the Porto Azzurro emplacement and 
exhumation did not exceed 2 Ma. (personal communication, October 10, 2020). Our best guess 
using the previous evidence is that these ages most likely represent cooling related to cooling 
after contact metamorphism.




7   Summary and Conclusion 
 
This study aimed to document and explain the structural history of the Acquadolce Phyllites 
and Metasiltstones (APM) on Elba Island, and provide new thermochronological data using 
(U-Th)/He dating on zircons. The APM show a complex structural history not easily 
determined, but is represented by folds at all scales, shear zones, lineations, and sheath folds. 
The Acquadolce Unit was deposited in the Apenninic foredeep in the Oligocene before being 
subducted to depths of 42-50 km, undergoing HP-LT metamorphism at ca. 19 Ma (Jacobs et 
al., 2018; Papeschi et al., 2020; Deino et al., 1992). HP-LT minerals are only preserved as relict 
glaucophane and lawsonite pseudomorphs in the metabasites in the APM (Bianco et al., 2015; 
Papeschi et al., 2020), while the rest have been obliterated by later retrograde metamorphism. 
Shortly after the closure of the Western Tethys Ocean, continental collision between Adria and 
Europe took place in the Early Miocene initiating slab rollback (Robertson and Grasso, 1995; 
Gueguen et al., 1998), allowing for hot asthenosphere to fill in the mantle wedge. The APM 
probably underwent buoyancy-driven uplift from the upper mantle to the lower crust. This was 
followed by further uplift caused by a combination of processes related to the stability of the 
wedge, such as underplating, causing extension in the very shallow crust compensated by 
compression in the deeper crust. This resulted in a km-scale fold called the Acquadolce 
Antiform, similar to the Rio Marina Antiform described by Massa et al. (2013, 2017). In the 
Late-Miocene/Pliocene, eastern Elba was intruded by the Porto Azzurro Pluton where the APM 
was affected by HT-LP metamorphism, mostly in the southern portion of the unit. This 
activated reverse shear zones possibly overprinting the larger folds. During orogenic collapse 
and the extension and opening of the Tyrrhenian Sea, the APM, along with the other units on 
Elba, were subject to brittle deformation by normal faulting (Bortolotti et al., 2001). 
New thermochronological data were obtained, aimed at constraining the exhumation of 
the APM and yielded ages of 5.9-6.2 Ma. These ages are surprisingly young and fall within the 
age range of the Porto Azzurro Pluton (5.9-6.5 Ma), which most likely makes them a product 
of either contact metamorphism or the circulation of hydrothermal fluids related to the pluton, 





8   Future work 
 
In order to build on this work and take on some of the limitations and questions raised, there 
are several things that could be done in future studies. 
 
Thermochronology 
One of the major limitations to the work was knowing whether the rocks were affected by 
contact metamorphism/metasomatism or not. Mapping the contact aureole and skarn bodies 
using a variety of low-temperature thermochronological systems would be beneficial. With 
muscovite already dated, it would be interesting to try U-Pb dating in apatites or Ar40/Ar49 
dating on hornblende to explore the 500°C range.  
It is unknown why we did not find any zircons in the Capo d’Arco region after plenty 
of zircons were found in Jacobs et al., (2018) at the same location. Another attempt to constrain 
the timing of exhumation could be done using ZHe again, but ideally AHe should also be used 
to see when the rocks reached the upper 7-14 km of the crust. Luckily, apatites were found in 
our samples. The Pseudomacigno Unit found in northern Elba in Cavo is most likely outside 
of the contact aureole. Due to its correlation to the APM, this unit could also be dated using 
ZHe and AHe to track exhumation paths.  
 
Structure 
An in-depth structural analysis of the APM would be beneficial while having the previously 
undescribed Acquadolce Antiform in mind, looking for clues and structures relating to 
potential hinge zones and overturned limbs that would help confirm these large-scale folds.    
 
Petrology 
Although this project did not focus on petrology, some of the findings still sparked interest in 
this field. One of the more puzzling minerals observed in the phyllites was clinopyroxene (cpx). 
Some of the cpx is clearly related to skarn, but the cpx aligned with the foliation found in Capo 
d’Arco is more difficult to determine. Are they related to skarn or are they relict cpx either 
from the subducting sediments or the mantle?  The spessartine garnets are also interesting as 
neither of us have seen garnets like this, with such a rounded, dirty appearance. Garnets are 
great for geobarometry and could be analyzed to determine if they are in fact related to skarn 
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